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Explosive volcanic eruptions can inject massive amounts of volatiles, including SO2 and H2S, into
the stratosphere, inducing drastic tropospheric cooling via sulfate aerosols. Greenland and Antarctic ice
cores record evidence of these substantial releases of SO2 and H2S, including the massive release during
the ultraplinian 1257 CE Samalas eruption. The 1257 CE Samalas eruption is estimated to have released
~158 Tg of SO2, making it the largest volcanogenic release of SO2 within the last 2000 years. Vidal et al.
(2016) propose that most of this sulfur (S) was hosted in a vapor phase present in the magma reservoir
before the eruption. This study is part of a multi-institutional effort to characterize the pre-eruptive S
behavior within the 1257 CE Samalas magma and determine the mechanism of S accumulation.
In this study, S behavior within the Samalas magma was tracked by comparing measuring S
concentrations and isotope compositions (34S/32S) in the 1257 CE and 536-811 BCE apatite. For the
Samalas magma, we hypothesized that the magma acts as a closed system with respect to S, and sulfide
crystallization and the degassing of S-bearing gases are the primary processes influencing the melt’s S
concentration and isotope composition. Additionally, we proposed that the δ34S value of the melt would
decrease as degassing depletes the melt of the 34S isotope.
δ34S values from the two apatite samples are comparable to those from other arc volcanoes,
which usually have very positive δ34S values due to the subduction of seawater sulfate, and suggest a
large isotopic fractionation of 8.7‰, which rules out sulfide crystallization as the only process affecting the
isotopic composition of the Samalas magma. The 536-811 BCE apatite exhibits a somewhat smaller
range of δ34S values (+9.1 to +15.9‰, mean δ34S = +11.6‰) than the 1257 CE apatite (+7.0 to 15.6‰,
mean δ34S = +10.4‰). Cl contents in many of the apatites were homogenous enough to derive a relative
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sensitivity factor, which was used to calculate S concentrations. S contents within both apatite samples
span from 0.007 to 0.56 wt% S (73 to 5622 ppm S).
The Samalas apatites imply a more complex S evolution than was initially predicted. The 536-811
BCE apatites indicate a degassing trend towards more positive δ34S values, contradicting the proposed
hypothesis that degassing of S-bearing gases would deplete the melt of 34S. The outliers of 1257 CE
apatites seem to imply the same degassing trend, but when we closely examined how S varies from core
to rim in the apatites with the most distinct zoning patterns, there are three general processes suggested
to have influenced S in the 1257 CE Samalas magma. 1) Grains with noticeable variations in S
concentrations yet little change in δ34S values might be capturing sulfide crystallization. 2) Grains with
both S concentrations and δ34S values decreasing from core to rim indicate degassing towards less
positive δ34S values, as was initially hypothesized. 3) Two individual grains might be capturing magmatic
recharge, as implied by their complex, light-dark-light-dark pattern.
To define how the S records in these apatites compare to those captured by the melt, we will be
comparing our S data with those of Ding et al. (in prep), who collected these data for the melt inclusions
and matrix glasses. We will also compare these data to a degassing model created by Ding et al. (in
prep) to identify the S6+/ΣS and SO2/H2S ratios required to produce the trends observed in the apatites,
melt inclusions, and matrix glasses. This study is the first to combine volatile records from apatite crystals
and melt products. The methodology highlighted in this study and others from this multi-institutional effort
will provide a novel perspective of how S evolves in volcanic systems, particularly those capable of
climatically significant eruptions, and inform volcanic hazard assessments on Lombok and neighboring
Indonesian islands.
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CHAPTER 1:
INTRODUCTION

Sulfur (S)—as SO2 and H2S—is the most abundant volatile emitted during volcanic degassing
and explosive eruptions, after H2O and CO2 (e.g., Symonds et al., 1993). Eruptions that inject high
quantities of this volatile into the stratosphere have been recorded to induce short-term (i.e., 1-3 years)
but drastic tropospheric cooling (Robock, 2000; 2015). The most infamous example of extreme
tropospheric cooling is associated with the 1815 CE Tambora eruption (Sumbawa, Indonesia), which
released 73-91 Tg SO2 into the stratosphere (Gertisser et al., 2012) and induced widespread famine and
disease in the Northern Hemisphere in 1816 (Oppenheimer, 2003). Due to SO2’s profound impact on
climate, it is crucial to understand the behavior of sulfur species in magmatic systems and study past
incidences of climatically significant eruptions.
Of particular interest is the excess S problem, which was discovered in the 1980s with the
introduction of remote-sensing technologies (e.g., COSPEC and TOMS) (e.g., Bluth et al., 1981; Wallace,
2001; 2005). The amount of dissolved S measured in melt inclusions from intermediate to silicic magmas
could not account for the SO2 recorded via remote sensing (Fig. 1). The source of this “excess S” is
proposed to result from the accumulation of a pre-eruptive vapor near the top of the magma chamber.
After decades of research, the mechanics behind this phenomenon and how it occurs in each magmatic
system are still uncertain (e.g.,Gerlach and McGee, 1994; Gerlach et al., 1996; Scaillet et al., 1998;
Hammer et al., 1999; Francis et al., 2000; Wallace, 2001; 2005; Scaillet and Pichavant, 2003).
Vidal et al. (2016) recently proposed the 1257 CE Samalas eruption (Lombok, Indonesia) to be
the largest incidence of an excess S release into the atmosphere during the Common Era. This eruption
is recorded as the largest volcanic S signal in the bipolar ice core record in the last 2000 years, being 1.8
times larger than the 1815 Tambora event, which is responsible for “the year without a summer” in 1816
(Hammer et al., 1980; Sigl et al., 2014; 2015; Wade et al., 2020; Figs. 2 & 3). Δ33S, δ34S, and δD isotope
data are available for this ice core (e.g., Savarino et al., 2003; Baroni et al., 2008; Burke et al., 2019 for S
1

isotopes and Steig et al., 2013 for hydrogen isotopes). However, since we did not analyze this ice core in
this study, these data and their significance in the ice cores are outside the scope of this study.
Vidal et al. (2016) postulate that pre-eruptive degassing was the primary mechanism of S
accumulation in the magma reservoir, accounting for ~82% of the eruptive S budget (Fig. 4). To better
understand the evolution of S in the Samalas magma and determine if pre-eruptive degassing was indeed
the main source of S accumulation, we have compiled an extensive catalog of S concentration, speciation
(S6+/∑S), and isotope (34S/32S) data from the ubiquitous igneous mineral apatite and tracked variations in
these values. These data will later be complemented with S concentration, speciation, and isotope data
and Fe speciation data from melt inclusions and matrix glasses collected by Ding et al. (in prep).
Previous empirical studies (e.g., Peng et al., 1997; Dietterich and de Silva, 2010) have reported
that S-rich eruptions were caused by pre-eruptive degassing from initially oxidized systems. Additional
studies (e.g., Moussallam et al., 2014; Economos et al., 2017; Longpré et al., 2017; Beaudry et al., 2018)
and thermodynamic models (e.g., Burgisser and Scaillet, 2007; Burgisser et al., 2008) have observed that
degassing of S-bearing gases from these systems can decrease magmatic fO2 as S concentration
decreases. The fO2 of a magma is a quantitative parameter for oxygen fugacity and is intimately linked
with S speciation in the magma (see chapter 2.3 for more information). This fO2 decrease will increase
H2S/SO2 ratio in the melt and deplete it of the 34S isotope, which is relatively enriched in sulfate (e.g.,
Métrich et al., 2009; Gaillard et al., 2011; Marini et al., 2011). This depletion of the 34S isotope in the melt
can also occur when ΔSO2gas-SO2magma is greater than zero.
These trends imply that an oxidized, 34S-enriched vapor exsolved from the melt, causing δ34S
values to decrease in the melt (Fig. 5; e.g., Marini et al., 2011). This decrease in δ34S values would be
accompanied by a decrease in the melt’s S concentration. Based on results from these studies and the
high-fO2 values generally measured in arc magmas, this degassing behavior should also be observed in
the 1257 Samalas magma. From this study, we have developed an extensive, multi-faceted template for
studying the S behavior in the Samalas magma and any volcanic system capable of producing
climatically significant eruptions.
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Figure 1. Volcanic SO2 emissions in teragrams (Tg) (1 teragram = 1012 grams) plotted against the total
volume of erupted magma in km3. SO2 emission data was collected via remote sensing techniques,
including TOMS, COSPEC, stratospheric optical depth measurements, and atmospheric turbidity
monitoring. Uncertainties in the SO2 emission data ±30% for TOMS and ±20-50% for COSPEC. The
linear curves represent the amount of dissolved SO2 estimated to be released during syn-eruptive
degassing, as predicted by dissolved S content in melt inclusions (e.g., Devine et al., 1984). Diagram is
modeled after Wallace (2005).
3

Figure. 2. Total volcanic sulfate deposition (in kg km-2) at Greenland and Antarctica (upper panel) and
associated global volcanic forcing (lower panel) for the last two millennia (data from Sigl et al., 2015).
These signals are highlighted by the circles at their peaks. The apparent 1257 CE Samalas signal is 1.8x
larger than the 1815 CE Tambora signal. Volcanic forcing is a measure of how volcanic activity
contributes to the difference between incoming and outgoing radiation (Robock, 2000; Climate.gov, n.d.).
The year “1991” is the most recent eruption recorded in Sigl et al.’s (2015) dataset.
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Figure 3. Comparison of the estimated A) eruptive volume (in km3 dense rock equivalent) and B) total
SO2 release (in teragrams) for the 1257 CE Samalas and 1815 CE Tambora eruptions. Dense rock
equivalent is the calculated volume based on the constant density of a dense, bubble-free magma (Pyle,
2015). Both eruptions eject comparable volumes of tephra but release different amounts of SO2. The SO2
release of the Samalas eruption is further broken down into SO2 released via pre-eruptive and syneruptive degassing. Data from Self et al. (2004), Gertisser et al. (2012), Lavigne et al. (2013), and Vidal et
al. (2016).
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Figure 4. Diagrams illustrating how S evolves in the Samalas magma via the degassing of S-bearing
gases and sulfide crystallization—the two mechanisms hypothesized to primarily influence S
concentration and isotope composition in the melt, with degassing bearing a greater influence than sulfide
crystallization. Red symbols represent the 1257 CE products (triangles for whole rock and circles for
plagioclase-hosted melt inclusions), green symbols for 712 CE products (triangles for whole rock and
circles for olivine-hosted melt inclusions), and blue circles for the 536-811 BCE plagioclase-hosted melt
inclusions. The open circle represents the 1257 CE matrix glass. The S vs. Th and the S vs. FeO
variation diagrams show how S concentration decreases from 850 ppm to 50 ppm. According to Vidal et
al. (2016), this decrease likely occurred via degassing of S-bearing gases and sulfide crystallization. After
Vidal et al. (2016)

6

Figure 5. Visual representation of this study’s hypothesis. As S concentration in the melt decreases due
to degassing of SO2 and H2S, the δ34S values will also decrease. This trend will be observed by
comparing high-S early apatites and low-S late apatites to each other.
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CHAPTER 2:
BACKGROUND

2.1. Geologic Setting
The Samalas volcano (Lombok, Indonesia) is part of the Rinjani-Samalas volcanic complex,
which is located along the eastern Sunda arc, where the Indo-Australian plate subducts northward
underneath the Eurasian plate at 7.3 cm yr-1 (DeMets et al., 2010; Planert et al., 2010; Lüschen et al.,
2011; Fig. 6). The 330-km distance between Lombok and the Java trench is characterized by an
accretionary wedge, a well-developed outer arc high, and the 4-km deep Lombok Basin (Dickinson,
1979). Lombok Basin has been proposed to be rifted continental crust due to the transition from an
intermediate composition on East Java to a mafic composition on Sumbawa (Hamilton, 1988; van der
Werff, 1996).
The volcanic complex is located within 200 km of Mount Tambora on Sumbawa (Fig. 7) and
consists of the 3726-m high Rinjani stratovolcano and the 6.5 x 8 km Segara Anak caldera, which formed
after the collapse of the Samalas volcano’s 4200 ± 100 m edifice during the 1257 eruption (Lavigne et al.,
2013). The caldera currently hosts a 230-m deep lake and the 326-m high Barujari cone that has erupted
17 times since 1847 (Global Volcanism Program, 2013). The Rinjani-Samalas volcanic rocks outline a
calc-alkaline series from high-alumina basalts to trachydacites (50 to ~68 wt% SiO2) that is moderately
rich in K2O (Foden, 1983; Métrich et al., 2017; Fig. 8).
The following summary of the volcanic history on the Rinjani-Samalas complex is detailed in
Métrich et al. (2017). Volcanism within this complex began during the Late Oligocene to Early Miocene,
likely coinciding with the start of convergence between the Eurasian and Indo-Australian plates (Hamilton,
1979; Fig. 9). Between 11.9 and 7 ka, this volcanic activity was dominated by explosive basaltic
eruptions. After 7 ka, this basaltic activity was accompanied by subplinian-to-plinian events producing
voluminous dacitic lava and pumice fallout deposits. The last pre-caldera trachydacitic eruption is the
8

2550 ± 50 BP (536-811 BCE) pumice fallout event that was first identified by Nasution et al. (2004) and is
estimated to have erupted ~0.3 km3 dense rock equivalent of magma (Vidal et al., 2015). Basaltic
eruptions are implied to have continued afterward, as supported by the occurrence of the 3.5-m thick
scoria fall deposit on the northern edifice of the Segara Anak caldera. This scoria fall is dated to 711 ± 56
Cal AD and is interpreted to be the most explosive pre-caldera event.

9

Figure 6. Map of the Eastern Sunda Arc, which includes Lombok, Java, Bali, Sumbawa, and Flores.
Triangles indicate the locations of the Rinjani-Samalas volcanic complex on Lombok, the Agung volcano
on Bali, and Mount Tambora on Sumbawa. Note the proximity of the three volcanoes. Cooler colors
denote lower elevation and warm colors higher elevation. Arrow denotes the rate of convergence
according to the global velocity model MORVEL (DeMets et al., 2010). The inset shows the location of the
volcanic arc in southeast Asia. This map was constructed with GeoMapApp (www.geomapapp.org). / CC
BY / CC BY (Ryan et al., 2009).
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Figure 7. A) Map showing the locations of the Rinjani-Samalas and Tambora volcanoes within the
eastern Sunda arc. Both volcanoes are denoted with triangles. Note their proximity to each other. The
inset shows the location of the volcanic arc in southeast Asia. B) A simplistic geologic map of Lombok,
Indonesia. Mount Rinjani and the Segara Anak caldera are noted, along with the locations of where the
RIN 1316T and RIN 1307 samples were collected. After Mangga and Djamal (1994) and Metrich et al.
(2017). Both maps were constructed with GeoMapApp (www.geomapapp.org). / CC BY / CC BY (Ryan et
al., 2009).
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Figure 8. Total alkali-silicia (TAS) diagram illustrating the compositional evolution of the Rinjani-Samalas
magma. Red, blue, and green symbols respectively denote samples from the 1257 CE trachydacite
pumice and the 536-811 BCE trachydacite/trachyandesite pumice. Data are from Vidal et al. (2016).
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2.2. The 1257 CE Samalas Eruption and Associated Magma
The ultraplinian 1257 CE Samalas eruption is estimated to be among the most powerful events
within the Rinjani-Samalas complex and globally within the Holocene, with a minimum magnitude of 7 and
a peak intensity of 12 (Lavigne et al., 2013; Vidal et al., 2015). The respective magnitude and intensity
values correlate to an eruptive volume of 40.2 ± 3 km3 DRE of homogeneous trachydacitic magma and a
plume height of 43 km, as estimated using isopach maps. The tephra stratigraphy consists of two Plinian
ashfall units (Phases P1 and P3) intercalated with a phreatoplinian fallout unit (Phase P2) and overlain by
a sequence of voluminous pumice-rich pyroclastic density current deposits (Phase-PDC) (Lavigne et al.,
2013; Vidal et al., 2015; Fig. 10). These four units correspond to the phases of the eruption. No ignimbrite
flows have been observed with this eruption (see Lavigne et al., 2013; Vidal et al., 2015).
Based on whole-rock and melt inclusion compositions, the Samalas trachydacite magma directly
evolved from a parental high-alumina basalt through fractional crystallization and the peritectic
crystallization of amphibole (Fig. 11). The latter process is invoked to explain the lack of an intermediate
andesitic magma and is confirmed by the antithetical correlation between the Dy/Yb ratio and SiO2, which
is associated with the peritectic formation of amphibole and has been observed in several volcanic arcs
(Davidson et al., 2007). Dy is compatible with respect to amphibole (Amph/meltDDy ~ 1), whereas Yb is
moderately incompatible (Amph/meltDDy = 0.68) (Davidson et al., 2007; Mètrich et al., 2017). Therefore, as
amphibole crystallizes from the melt, the Dy content observed in the melt will decrease relative to the Yb
content, resulting in a decreasing Dy/Yb ratio with SiO2.
The composition of a less evolved trachydacite magma—the 2550 BP (535-811 BCE) magma—is
recorded in plagioclase (An82-75)-hosted melt inclusions (60.5 ± 1.3 SiO2; 9.0 ± 0.9 ppm Th), whereas the
melt inclusions hosted in the plagioclase (An50-46), amphibole, and pyroxenes record the evolution towards
the residual trachydacitic composition of the matrix glass (68.7 ± 1.1 wt% SiO2; 16.3 ppm Th) (Vidal et al.,
2016). The mineral paragenesis in the 536-811 BCE and 1257 CE magmas includes a bimodal
distribution of plagioclase An content with patchy zoned cores (An82-75) surrounded by bands of An50-46, in
association with amphibole (magnesio-hastingsite), orthopyroxene, rare clinopyroxene (augite),
titanomagnetite, Fe sulfides, and apatite.
13

Figure 9. Schematic representation presenting the chronology of volcanic activity within the RinjaniSamalas complex (Lombok, Indonesia). The names of each deposited as reported by Nasution et al.
(2004) are on the left, while the compositions of each unit and their explositivty, as reported by Vidal et al.
(2016) and Métrich et al. (2017) are within the shaded part of the diagram. Radiocarbon ages on the left
are reported by [1] Nasution et al. (2004); [2] Lavigne et al. (2013); [3] Vidal et al. (2015). PDC stands for
“pyroclastic density current,” and ages are in calibrated calendar ages. After Métrich et al. (2017).
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Figure 10. Stratigraphic context for the 1257 CE Samalas pumice sample. This sample comes from the
most proximal stratigraphic section, located 23 km SW of the current Segara Anak caldera, and is
representative of the P1 pumice fallout. This section outlines for the four phases of the 1257 CE Samalas
eruption. After Vidal et al. (2015).
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Figure 11. A) Rb and Th are positively correlated, indicating that the 1257 CE magma was primarily derived from its parental
basalt via fractional crystallization. This correlation yields a slope of 7.1787. Plagioclase An82-75-hosted melt inclusions are
represented by the 1257 CE whole magma composition, whereas plagioclase An50-46-hosted melt inclusions capture its shallow
depth in-situ crystallization. B) Variation of the Dy/Yb ratio vs. SiO2 for samples from the Rinjani-Samalas volcanic complex.
This negative correlation between the Dy/Yb ratio and SiO2 content has been associated with the peritectic formation of
amphibole in arc volcanoes. Both diagrams use data from Vidal et al. (2016) and Métrich et al. (2017). After Vidal et al. (2016)
and Métrich et al. (2017).

The compositional change in the 1257 magma is interpreted to result from in-situ crystallization at
shallow pressures. Using the average H2O content of 3.7 ± 0.3 wt% from the melt inclusions and
assuming a crustal density of 2.8 g/cm3 (Planert et al., 2010), in-situ crystallization would have occurred
at pressures of 90-120 MPa (900-1200 bars), which correspond to depths of 3.3 to 4.4 km. This
calculation is made by assuming the H2O content of this magma corresponds to the fluid pressure
(PH2O = Ptotal) of 900-1200 bars under equilibrium conditions (Vidal et al., 2016). Equilibrium temperatures
calculated from various plagioclase- and amphibole-based geothermometers provide a range of 895980°C for in-situ crystallization, reflecting the heterogeneity of H2O contents in the Samalas magma
(Métrich et al., 2017).
Olivine-hosted melt inclusions in the 711 CE basalt contain 1940 ± 90 ppm S (Vidal et al., 2016).
S concentration is interpreted to have decreased in the parental basalt due to the segregation of
polymetallic sulfides (Cu-Fe-S) and the exsolution of a vapor phase. Melt inclusions hosted in An82-75
plagioclase have 870 ± 20 ppm S and have a similar composition to the 1257 CE whole rock. Therefore,
these melt inclusions are interpreted to represent the bulk composition of Samalas magma prior to in-situ
crystallization. During in-situ crystallization, the initial S content of 870 ppm S was distributed between
apatite (0.07 ± 0.05 wt% S), Fe sulfides (38.9 ± 0.5 wt% S), and the pre-eruptive vapor (2.2 wt% S),
leaving the residual melt with 170 ± 50 ppm S (Vidal et al., 2016).
Vidal et al. (2016) implemented the following procedure to calculate the total eruptive S budget for
the 1257 CE Samalas eruption. Using the bulk-system S concentration of 870 ppm and the degassed
pumice S content of 80 ± 20 ppm, Vidal et al. (2016) estimated that 79 ± 6 Tg S (158 ± 12 Tg SO2) was
released during the 1257 eruption. Syn-eruptive degassing—represented by a 120-ppm S loss between
the residual trachydacite melt (170 ± 50 ppm S) and its degassed equivalent (the matrix glass: 50 ppm
S)—contributed only ~18% of the S release, indicating that pre-eruptive degassing was the dominant
mechanism of S release. Besides the presence of fluid inclusions in the Samalas tephra, the mechanism
behind this pre-eruptive degassing and the evolution of magmatic fO2 and pre-eruptive S remain
undefined and are the subject of this study.
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2.3. Magmatic Sulfur
Sulfur behavior in silicate magmas is complex since this element can dissolve in silicate melt as
sulfide (S2-) and sulfate (SO42-) and can separate from the melt as various solids (e.g., anhydrite,
pyrrhotite, and apatite), immiscible liquids, and volatiles (e.g., H2S and SO2) (e.g., Fincham and
Richardson, 1954; Behrens and Webster, 2011; Wallace and Edmonds, 2011). Additionally, the quantity
of sulfur available for degassing and crystallization of sulfur-bearing minerals depends on its solubility in
silicate melts, which varies with temperature, oxygen fugacity (fO2), pressure, and melt composition (e.g.,
Jugo, 2009; Parat et al., 2011; Webster and Botcharnikov, 2011).
Sulfur speciation and solubility are intimately tied to the magma oxidation state, which is
quantitatively described by fO2 (Frost, 1991; Wallace et al., 2015). S2- is the dominant sulfur species at
low fO2 (i.e., below and near the FMQ buffer), while SO42- is prevalent at high fO2 (i.e., two log units above
the FMQ buffer) (Parat et al., 2011). S2- and SO42- can coexist in a fO2 range of ~two log units, referred to
as the sulfide-sulfate transition, which is observed in many terrestrial magmas (Carroll and Rutherford,
1988; Wallace and Carmichael, 1992; 1994; Jugo et al., 2010; Baker and Moretti, 2011; Botcharnikov et
al., 2011; Klimm et al., 2012; Fig. 12). This overall transition is represented by the following expressions:
(1)

S2-(melt) + 2 O2 (gas) ↔ SO42- (melt)

(2)

or S2-(melt) + 4 H2O (gas) ↔ SO42- (melt) + 4 H2 (gas)

2.4. Sulfur Isotopes
Sulfur has four stable isotopes: 32S (94.93%), 34S (4.29%), 33S (0.76%), and 36S (0.02%) (in
atom%; Rosman and Taylor, 1998). The ratio of the two most abundant isotopes (i.e., 34S/32S) is used to
quantify a sample’s stable sulfur isotope composition (e.g., Marini et al., 2011). These ratios are
conveniently expressed as δ34S values, which are calculated using eq. 3:
(3)

𝛿𝛿 34 𝑆𝑆𝑉𝑉−𝐶𝐶𝐶𝐶𝐶𝐶 (‰) = �

(34 𝑆𝑆/32 𝑆𝑆)𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − (34 𝑆𝑆/32 𝑆𝑆)𝑉𝑉−𝐶𝐶𝐶𝐶𝐶𝐶
(34 𝑆𝑆/32 𝑆𝑆)𝑉𝑉−𝐶𝐶𝐶𝐶𝐶𝐶

� 𝑥𝑥 1000,

where “34S/32Ssample” and “34S/32SV-CDT” are the ratios of a sample and the Vienna Canyon Diablo Troilite
(V-CDT) international standard (Ding et al., 2001).
Sulfide inclusions in mid-ocean ridge and ocean island basalts yield δ34S values clustering around
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0‰ (e.g., Thode et al., 1961; Sakai, 1968; Sakai et al., 1982; 1984; Labidi et al., 2012). However,
magmas in subduction zone settings exhibit higher δ34S values (e.g., ~+2 to +7‰ for Indonesia, de Hoog
et al., 2001; +2.6 to +17.6‰ for Krakatoa (Indonesia), Mandeville et al. ,1998), likely due to the
subduction of seawater sulfate and oxidized sediments, which have an average δ34S value of +20.99%
(Rees et al., 1978; Marini et al., 2011; Fischer and Chiodini, 2015).
This shift towards positive δ34S values in sub-arc magmas illustrates that the sulfur isotope
composition depends on not only on temperature and the source of S, but also the speciation of S in
coexisting phases. Ohmoto and Rye (1979) determined that 34S is preferentially incorporated into S
species in the following order: SO42- > SO3 >SO2 > S0 > H2S ≈ S2-. At temperatures >1000°C, S isotope
fractionations of several per mil have been observed when precipitated or degassed S species have a
substantially valence from that seen in the melt (e.g., an oxidized, 34S-enriched vapor exsolving from a
relatively reduced melt) (Marini et al., 2011; Fiege et al., 2014). These net isotopic differences can
become larger during SO2-H2S degassing due to additional constraints induced by the separation mode
(i.e., closed- vs. open-system) and the H2O saturation pressure (𝑃𝑃𝐻𝐻2𝑂𝑂 ). H2O participates in SO2-H2S

reaction:
(4)

(e.g.), H2S(gas) + 2 H2O (gas) ↔ SO2 (gas) + 3 H2 (gas)
Since degassing and crystallization can occur simultaneously, it is crucial to differentiate isotopic

fractionations induced by each process by comparing high-precision, in-situ isotopic data collected with
SIMS with sulfur speciation data obtained via XANES (e.g., Métrich et al., 2009; Konecke et al., 2017;
2019) and/or electron probe microanalysis (EPMA) (e.g., Carroll and Rutherford, 1988).

2.5. Sulfur in Apatite
Many studies have used melt inclusions and matrix glasses to track S behavior in magmas (e.g.,
Wallace and Gerlach, 1994; Longpré et al., 2017; Beaudry et al., 2018; Lerner et al., 2021). However,
melt inclusions, when they are present, may have altered volatile histories due to the formation of
shrinkage bubbles, leakage, or post-entrapment modification (e.g., Danyushevsky et al., 2002; Metrich
and Wallace, 2008). Since it is less susceptible to post-entrapment effects, the accessory mineral apatite
has increasingly become useful in complementing the volatile histories inferred from melt inclusions and
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matrix glasses (e.g., Lowenstern and Thompson, 1995; Boyce and Hervig, 2009; Scott et al., 2015; Stock
et al., 2016; Li et al., 2021).
Apatite can incorporate S6+ into its crystal structure as a trace element through the coupled
substitution with P5+ (e.g., Peng et al., 1997; Piccoli and Candela, 1994; 2002). Several reactions have
been proposed to explain this substitution, including:
(5)

S6+O42- + Si4+O44- ↔ 2 P5+O43-

(6)

S6+O42- + Na+ ↔ P5+O43- + Ca2+

(7)

S6+O42- + Na+ + Si4+O44- + REE3+ ↔ 2 P5+O43- + 2Ca2+

Rouse and Dunn (1982)
Liu and Comodi (1993)
Tepper and Kuehner (1999)

Depending on the oxygen fugacity (fO2), temperature, pressure, and S content of the melt, apatite
can have S concentrations up to ~1 wt% SO3 (e.g., Parat and Holtz, 2004; 2005; Parat et al., 2011; Van
Hoose et al., 2013). Variations in sulfur content are preserved in fine-scale (1 to 2 μm) zoning patterns,
which have been utilized in characterizing shifts in magma redox in sulfur-rich systems (Streck and Dilles,
1998), identifying recharge events in mafic magmas (Van Hoose et al., 2013), and deriving time-averaged
volcanic SO2 degassing (Scott et al., 2015). Additionally, δ34S values in apatite can vary up to 3.8‰ in an
individual grain and up to 6‰ across a hand sample, making this an important mineral for capturing large
isotopic variations in situ using Secondary Ionization Mass Spectrometry (SIMS) (Economos et al., 2017).
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Figure 12. The sulfide-sulfate transition as a function of fO2, as summarized by Nash et al. (2019). The
graph contains a compilation of experimental data from Botcharnikov et al. (2011) - orange, Jugo et al.
(2010) – green, and Nash et al. (2019) - blue and grey. The red curves were created using data from
Matjuschkin et al. (2016) when they conducted experiments at 950°C and 1.0 (dashed) and 1.5 GPa
(solid). According to this diagram, the sigmoidal curve seems to shift to the right with decreasing
temperature and increasing pressure. After Nash et al. (2019).
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CHAPTER 3:
METHODS

3.1. Project Overview
Building off the results of Vidal et al. (2016) and Métrich et al. (2017), this study characterizes the
evolution of S in the 1257 CE Samalas magma by measuring S concentration and isotope composition in
apatite microphenocrysts and inclusions in plagioclase. Apatite grains from the 536-811 BCE pumice and
the 1257 CE pumice were analyzed to establish a beginning and an end to S evolution within the
Samalas system.
Apatites were identified among mineral-separate sprinkle mounts using the field-emission
scanning electron microscope (FE-SEM) at Southern Methodist University in Dallas, TX, and afterward
were embedded in 1-inch epoxy mounts. Secondary ionization mass spectrometry (SIMS) was
implemented to collect 34S/32S and 37Cl/35Cl isotope ratios in apatite microphenocrysts and inclusions in
plagioclase. We subsequently corrected for linear drift and instrumental mass fractionation before
calculating δ34S and δ37Cl values.
The resulting δ34S and δ37Cl values were mapped out on back-scattered electron (BSE) and
cathodoluminescent (CL) images in order to visually identify intra- and inter-grain variation and discover
any trends related to observed S zoning patterns in the apatites. S and Cl concentrations were estimated
using measured δ37Cl values following the methods established by Economos et al. (in prep) and
compared with δ34S values to characterize thoroughly S systematics in the Samalas magma.
3.2. Sample Description and Preparation
The samples representative of the 536-811 BCE magma (RIN 1316T) and the 1257 CE magma
(RIN 1307) were previously collected by Vidal et al. (2015; 2016) and Métrich et al. (2017). RIN 13-16T
was collected ~28 km NW of the caldera and consists of a fraction of yellow trachydacitic pumice fallout
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and surge deposits (Fig. 13). It is the most chemically evolved sample of the 2550 BP deposits (56.06
wt% SiO2) and is notable for its high alumina content (19.28 wt% Al2O3). RIN 1307 was retrieved from the
proximal reference section ~23 km SW from the caldera and is comprised of fine-grained dark lithic clasts
mixed with highly vesicular white pumice clasts. The RIN 1307 pumice is very notable for its
homogeneous chemical composition (64.0 ± 0.4 wt% SiO2; 8.1 ± 0.1 wt% Na2O+K2O).
Apatite grains in both samples are present as microphenocrysts or inclusions in other phenocryst
phases (e.g., plagioclase and amphibole; Fig. 14). The pumice samples were grounded down, washed,
and sieved to grain sizes of 50-250 μm and subsequently run through with pure tetrabromoethane (bulk
density: 2.97 g/cm3) to separate the apatite grains. Since many of the microphenocrysts have adherent
glass, which lowers the mineral’s density from 3.19 g/cm3 to 2.9 g/cm3, the heavy liquid float was then run
through a solution comprised of 95% tetrabromoethane and 5% acetone (~2.85 g/cm3) to successfully
retrieve these microphenocrysts.
The resulting mineral separate was sprinkled onto a thin-section glass slide, which was later
placed into the field-emission scanning electron microscope at Southern Methodist University for apatite
identification. Details related to this process are described in chapter 3.3. Once apatites were identified,
they were picked and mounted onto 1-inch epoxy mounts, along with UCLA-D1 standards. These apatites
were separated into four mounts; the compositions of these four mounts are described below. —two of
which contain inclusions in plagioclase (07 and 16T) and the others bear microphenocrysts (Sep and
ap_01). The RIN Sep mount holds microphenocrysts from the 07 and 16T pumice, while ap_01 contains
only those from the 07 pumice. The apatites were randomly embedded in the mounts parallel and
perpendicular to the c-axis since crystallographic orientation has shown to not contribute to instrumental
mass fractionation during secondary ionization mass spectrometry analyses (Bruand et al., 2019;
Hammerli et al., 2021). The following paragraphs provide detailed descriptions of the four apatite mounts.
RIN Ap_01: This apatite mount is a mineral separate comprised of microphenocrysts from the
1257 CE pumice. These apatite grains are equant in shape and range in size from 32 to 260 μm. Several
of these apatites are next to titanomagnetites and/or bear melt inclusions.
RIN Sep: This apatite mount is a mineral separate comprised of microphenocrysts from the 53623

811 BCE and 1257 CE pumice. These apatite grains are equant in shape and range in size from 74 to
192 μm.
RIN 07A3: This mount is a mineral separate comprised of plagioclase grains with apatite
inclusions in plagioclase from the 1257 CE pumice. Compared to the microphenocrysts, most of the
inclusions are long and acicular. A few of them are short and equant. They range in size from 7 to 72 μm.
A few of the inclusions (ap 2, 3, and 4) are next to a titanomagnetite. These pumice grains are part of the
pumice fallout of the P1 phase of the 1257 CE eruption.
RIN 16T: This mount is a mineral separate comprised of plagioclase grains with apatite inclusions
from the 536-811 BCE pumice. Most of the apatite grains on this mount are acicular, and the rest range
from subequant to equant. These inclusions range in size from 8.8 to 64.7 μm. These pumice grains are
part of the pumice fallout from the 536-811 BCE eruption. The plagioclase-hosted melt inclusions are
representative of the major element composition of the 1257 CE whole-rock.
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3.3. Image Acquisition and Elemental Maps
Apatite grains were identified within sprinkle mounts via P and Ca elemental maps created with
energy-dispersive spectrometry mapping using the JEOL JSM-IT500HR field-emission scanning electron
microscope (FE-SEM) at Southern Methodist University. The FE-SEM is equipped with energy-dispersive
X-ray spectroscopy (EDS) and wavelength-dispersive X-ray spectroscopy (WDS) detectors. These maps
were created at an accelerating voltage of 20 kV. A “mean” filter was applied to the resulting maps to
reduce the amount of noise in elemental signals.
Additionally, back-scattered electron (BSE) and cathodoluminescence (CL) images were
captured using the FE-SEM in order to observe the surface of the grains and their S-REE zoning patterns
(Fig. 14). These images were pivotal in selecting the most ideal grains to analyze with secondary
ionization mass spectrometry. These images were captured at an accelerating voltage of 15 kV, and the
zoning patterns were captured with the ChromaCL2 detector. The resulting CL images were utilized in
picking optimal spots for SIMS analyses and are included in Appendix A.
3.4. Secondary Ionization Mass Spectrometry (SIMS)
In-situ SIMS measurements of 34S/32S and 37Cl/35Cl isotope ratios were performed during two
analytical sessions using the CAMECA-ims 1290 in multicollection mode at the University of California,
Los Angeles. A 133Cs+ primary beam was focused to a spot size of 10-15 μm at a beam current of ~0.670.82 nA and an accelerating voltage of 10 kV. Mass resolving power was set to ~5000 to resolve the 32S
peak from the 16O2 and 31P1H mass peaks. An electron flood gun was utilized to compensate for charge
build-up resulting from the impact of the primary beam.
The instrument was calibrated at the beginning of and during each session by analyzing the
UCLA-D1 standard, which is an individual crystal of the Durango apatite from Cerro de Mercado, Mexico
(Young et al., 1969; Economos et al., 2017). It is characterized by its homogeneous S content (0.36 ±
0.02 wt% SO3) and isotope composition (0.34 ± 0.022‰ (1σ)), as determined via gas-source mass
spectrometry. Instrumental mass fractionation and instrumental drift were monitored by repeatedly
analyzing this standard. Counts per second (cps) of S and Cl isotopes were collected for 5 minutes during
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15-20 cycles. 34S cps were measured using an electron multiplier, and 32S, 35Cl, and 37Cl cps were
counted with Faraday cups. Since ion intensities < 106 cps cannot be distinguished from the background
noise of the Faraday cups, isotopic measurements below 106 cps were discarded and excluded from
correction calculations.
To correct for the instrumental drift observed in UCLA-D1, a linear correction was applied to
34S/32S

ratios measured during each analytical session. These linear correction plots are provided in Fig.

15. After the raw isotopic ratios were linearly corrected, the instrumental mass fractionation factor α was
quantified by comparing the average of the linearly corrected isotopic ratios of the UCLA-D1 standard
(34S/32Savg) with its known isotopic ratio (34S/32Sknown = 0.044179):
(8)

α = (34S/32Savg) / (34S/32Sknown)
The linearly corrected 34S/32S ratios were then divided by α to calculate the true isotopic ratios

and were then converted into δ34S values using eq. 3. These δ34S values are reported against the
international V-CDT standard (Ding et al., 2001). Correction for instrumental mass fractionation was also
applied to 37Cl/35Cl ratios, normalizing these raw ratios to the standard ratio for the Durango apatite
(37Cl/35Clknown = 0.324062), which was calculated using the recently approved δ37Cl value (0.19 ± 0.12‰)
(Wudarska et al., 2021; Liu et al., 2022). It should be noted that there is some uncertainty concerning the
δ37Cl value of the Durango standard, with previous studies recording values such as +0.50‰ (Boyce et
al., 2015), +0.40‰ (Andersson et al., 2019), and -0.41‰ (Li et al., 2020). This ~1‰ discrepancy in the
δ37Cl value of the Durango apatite might be influenced by inter-grain heterogeneity (Li et al., 2020) or
crystallographic effects (Wudarska et al., 2021). No formal δ37Cl value has been established for the
UCLA-D1 standard, so we must rely on these outside values until one is characterized via SIMS or gas
flow isotopic ratio mass spectrometry (GF-IRMS). Reported δ37Cl values are reported against standard
mean ocean chloride (SMOC) (Kaufmann et al., 1984).
Errors for our single SIMS spots depended on the internal uncertainty of the measurement (i.e.,
the standard error of the 15-20 cycles during an individual analysis) and the external reproducibility (i.e.,
the standard deviation of the analyses on UCLA-D1). The internal uncertainty and the external
reproducibility were combined to produce a total error.
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3.5. Determination of S Concentration from Cl
The synchronous measurement of S and Cl isotopes via SIMS and the consistency of Cl cps
values within the Samalas apatite (variation of ~1-4%) permitted us to calculate S concentrations from Cl
concentrations measured in the Samalas apatite and UCLA-D1). To calculate a S concentration (in wt%
S), the 32S and 35Cl cps values from the ion microprobe were divided by the published S and Cl values for
UCLA-D1 (also Durango A in Hammerli et al., 2021) to calculate a relative sensitivity factor (RSF). The
RSF permits the SIMS 32S ion intensity (in cps) to be converted to a concentration value, and it was
calculated using the following equation.

(9)

𝑅𝑅𝑅𝑅𝑅𝑅 =

32𝑆𝑆
�35 �𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑐𝑐𝑐𝑐𝑐𝑐)
𝐶𝐶𝐶𝐶
𝑆𝑆
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.
�
�𝐶𝐶𝐶𝐶 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.�𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ𝑒𝑒𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑤𝑤𝑤𝑤%)
�

We then divided the product of the 32S/35Cl cps ratio and the measured Cl concentration of a
sample by this RSF to calculate a S concentration.

(10)

𝑆𝑆 (𝑤𝑤𝑤𝑤%) =

(

32𝑆𝑆
�35 )𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 (𝑐𝑐𝑐𝑐𝑐𝑐) 𝑥𝑥 𝐶𝐶𝐶𝐶 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖 𝑢𝑢𝑛𝑛𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 (𝑤𝑤𝑤𝑤%)
𝐶𝐶𝐶𝐶
𝑅𝑅𝑅𝑅𝑅𝑅

To test this proposed method, Cl, F, and major elements in apatite (Ca, P, and O) were first
obtained from RIN Ap_01, RIN Sep, RIN 07A3, and RIN 16T. These compositions were measured using
the JEOL JSM-IT500HR FE-SEM at Southern Methodist University using an accelerating voltage of 15
kV, working distance of 10.0 mm, beam current of 0.74 nA, a standard probe current of 50.0, and a
10000x magnification. Analyses were taken close to SIMS spots to ensure consistency between S and Cl
cps and concentration values. The Cl measurements were processed using a ZAF correction and
standardized using the Smithsonian Scapolite R6600 for Cl and S, CM Taylor BaF2 for F, and CM Taylor
Wilberforce Apatite for Ca and P, which has a similar composition to UCLA-D1. Spreadsheets containing
the data and the calculations mentioned above are presented in Appendix D.
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Figure 15. Linear correction graphs of A-C) the May 22, 2022, session and the D-G) November 18, 2019,
session. Measured (raw) 34S/32S ratios of the UCLA-D1 standard and the unknowns are plotted against
time, which is represented with the analysis number. A trendline has been plotted through measured
34S/32S ratios of UCLA-D1,whose slope (highlighted) is used to perform the linear correction. Corrected
values plot above the raw ratios.
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CHAPTER 4:
RESULTS

4.1. Apatite Zoning Patterns
Cathodoluminescence imaging results for 1257 CE and 536-811 BCE microphenocrysts exhibit a
variety of zoning patterns, ranging from no zoning to complex, nonlinear patterns. Multiple SIMS analyses
were conducted on grains with more complex patterns to completely capture S variation in each grain,
whereas only one or two were performed on grains with little to no zoning. The grains in RIN Ap_01
exhibit most of the diversity in zoning patterns, whereas most of the grains in RIN Sep bear little to no
zoning. The CL images for apatites from RIN Ap_01, descriptions of their zoning patterns, and their S
concentrations and isotope compositions are provided in Appendix A.
4.2. S and Cl Isotope Compositions
The S and Cl isotope compositions from analyzed apatite grains are supplied in Figures 16-20
and Appendixes B and C and are summarized in Tables 1 and 2. δ34S values from the Samalas apatites
range from +7.0 to +16.0‰ (+9.1 to +16.0‰ in the 536-811 BCE apatite and +7.0 to +15.6‰ in the 1257
CE apatite). The mean δ34S values for the 536-811 BCE and 1257 CE pumices are, respectively, +11.6 ±
0.2‰ and +10.4 ± 0.2‰ (1SE). δ37Cl values from the Samalas apatite range from -4.7 to +4.3‰ (-0.3 to
+1.3‰ in the 536-811 BCE apatite and -4.7 to +4.3‰ in the 1257 CE apatite). The mean δ37Cl values for
the 536-811 BCE and 1257 CE pumices are, respectively, +0.3 ± 0.04‰ and +0.3 ± 0.08‰ (1SE).
1257 CE Microphenocrysts: δ34S values (n=78) in these grains range from +7.0 to +15.6‰,
yielding a mean value of +10.6 ± 0.7‰ (1SE) and an inter-grain variation of 8.6‰. Intra-grain variation in
δ34S span from less than 1.0‰ to ~3.5‰. The error on the δ34S values span from 0.5 to 1.0‰ (1SE).
δ37Cl values (n=97) in this mount range from -0.4 to +0.8‰, with a mean value of +0.3 ± 0.3‰ (1SE) and
an inter-grain variation of 1.2‰. Error on the δ37Cl values span from 0.2 to 0.4‰ (1SE).
536-811 BCE Microphenocrysts: δ34S values for the 536-811 BCE apatites (n=30) range from
+9.1 to +15.9‰, yielding an inter-grain variation of 6.8‰. The mean values for the 536-811 BCE
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microphenocrysts are +11.3 ± 0.6‰ (1SE). Intra-grain variation in δ34S range from 1.0 to 4.5‰. Error
values on the 536-811 BCE apatites range from 0.5 to 0.7‰ (1SE). δ37Cl values for the 536-811 BCE
apatites (n=40) range from -0.3 to +0.8‰, yielding an inter-grain variation of 1.1‰. One spot within the
536-811 BCE apatite provided an extremely anomalous value (+27.7), with an 1SE error value that is
noticeably higher than other spots (3.6‰ compared to the mean error 0.1‰). The mean of the 536-811
BCE grains is +0.3 ± 0.7‰.
1257 CE Inclusions: δ34S values from these grains (n=22) range from +8.1 to 10.9‰, yielding a
mean value of 9.7 ± 0.5‰ (1SE) and an inter-grain variation of 2.8‰. Error on these δ34S values span
from 0.4 to 0.7‰ (1SE). Most of the δ37Cl values in this mount (n=30) range from -4.7 to 4.3‰, yielding a
mean value of +0.05 ± 1.1‰ (1SE) and an inter-grain variation of 8.9‰. Most of the errors on the δ37Cl
values range between 1.05 and 1.06‰ (1SE). Two of the spots yielded extremely anomalous values (51.3‰ and -61.1‰), and their associated 1SE error values are higher (1.29‰ and 1.14‰, respectively)
compared to the mean (~1.06‰).
536-811 BCE Inclusions: δ34S values from these apatite inclusions (n=10) range from +11.4 to
14.5‰, yielding a mean of 12.7 ± 0.9‰ (1SE) and an inter-grain variation of 3.1‰. Error on the δ34S
values span from 0.8 to 0.9‰ (1SE). δ37Cl values (n=12) range from -0.08 to 1.3‰, yielding a mean of
+0.5 ± 0.2‰ (1SE) and an inter-grain variation of 1.4‰. Error on the δ37Cl values vary between 0.24 and
0.25‰.
4.3. S Concentrations Calculated from Cl
Fig. 15 display the Cl concentrations obtained via FE-SEM analysis and S concentrations
calculated using Eq. 10, and the data is summarized in Table 3. Cl concentrations measured from the
Samalas apatite across all four samples range from 0.01 to 1.20 wt% Cl. Cl concentrations are consistent
across all mounts containing the 1257 CE apatite (0.80 to 1.08 wt%, with a mean of 0.97 wt% Cl), but the
536-811 BCE apatite yield lower values (0.01 to 0.83 wt%, with a mean of 0.68 wt%), with the RIN Sep
536-811 BCE mount yielding the lowest. S concentrations calculated with Eq. 10 span from 0.007 to 0.56
wt% S (73 to 5622 ppm S). This broad range of S contents is observed in all the mounts, except for RIN
16T, which has lower S concentrations.
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the minimum and maximum 1SE errors.

average beam current and alpha for each mount, the slopes of the linear correction lines, the minimum, mean, and maximum δ34S values, and

Table 1. Summary table of SIMS S data, providing the date of each session, the number of analyses with 34S/32S cps values > 1x106 (n),
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alpha for each mount, the minimum, mean, and maximum δ34S values, and the minimum and maximum 1SE errors.

Table 2. Summary table of SIMS Cl data, providing the date of each session, the number of analyses (n), average beam current and

Figure 16. Distribution of A) δ34S values and B) δ37Cl values within the 1257 CE and 536-811 BCE
apatite. The “x” symbols within the box plots represent the mean of each sample. Generally, the 536-811
BCE apatite seem to have higher δ34S values than the 1257 CE. The 1257 CE inclusions also appear to
have the broadest range of δ37Cl values. The quartiles were calculated by excluding the median. The
inclusions are assumed to be older than the microphenocrysts.
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Figure 17. A) δ34S and B) δ37Cl values in RIN Ap_01 plotted against 32S and 35Cl counts per second
(cps), respectively. δ34S and δ37Cl values are arranged according to block number (i.e., Block 1, Block 2,
and Block 3). Each block denotes a change in the instrumental conditions of the ion microprobe.
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Figure 20. A) δ34S and B) δ37Cl values in RIN 16T plotted against 32S and 35Cl counts per second (cps),
respectively. Since δ34S values were not calculated for spots yielding less than 1 x 106 cps, these
analyses were excluded from the plots.
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Table 3. Summary table displaying the minimum, mean, and maximum Cl and S concentrations for each of the apatite mounts. The mean
relative sensitivity factor for each mount is also included, as this value was used to calculate the presented S concentrations.
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Figure 21. Box plots showing the range of A) Cl and B) S concentrations calculated for each sample
mount. The 1257 CE apatites yield the higher Cl concentrations than the 536-811 BCE apatites. The
mounts with the 1257 CE apatites also have the broadest range for S concentration, providing the
minimum and maximum values in this study. The quartiles were calculated by excluding the median.
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CHAPTER 5:
DISCUSSION

5.1. Cl and S Concentrations in Apatite
The range of Cl concentrations measured from the Samalas apatites with our SEM using the EDS
detector generally coincides with previous electron microprobe measurements. These measured values
are comparable to those obtained by Ding et al. (in prep) (0.53 to 1.14 wt% Cl) and Vidal et al. (2016),
which obtained an average value of 0.89 ± 0.02 (1σ). Ding et al. (in prep) even observed a slightly lower
range of values for the 536-811 BCE apatite relative to the 1257 CE grains (0.53 to 0.86 wt% Cl for 536811 BCE vs. 0.53 to 1.14 wt% Cl). This difference in Cl concentrations between the two samples is shown
in Fig. 22a.
However, when these previous electron microprobe measurements are plotted against our SEM
measurements, most of our data plot on a 1-to-1 line, but there are a minority of data points that are
higher (Fig. 22a). Our SEM values usually plot ~0.08 wt% higher than the electron microprobe values.
This discrepancy could produce an overestimate of anywhere from ~50 to 300 ppm S. The variation in
this overestimate depends on the measured Cl concentration and the 32S and 35Cl cps values. This
discrepancy is more exaggerated for the S concentrations, even though these values (73 to 5622 ppm S)
are still generally in the range of those measured by Ding et al. (in prep) (0.1 to 7275 ppm S) (Fig 22b).
When the Cl concentrations from previous electron microprobe measurements are used in Eq. 10 instead
of our SEM values, the discrepancy between the dataset is only slightly improved (Fig. 22c).
While our methodology is still under development, we list two primary reasons to explain this
discrepancy: 1) When selecting grains to analyze on the ion microprobe, we purposefully look for grains
with high S content. This method ensures the 32S content of the analyzed apatite is higher than the
background noise of the faraday cup detectors. This background is 1 x 106 32S cps. 2) SEM analysis
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spots do not coincide with those from previous electron microprobe measurements. S content in these
apatites is not homogenous, making the placement of our analytical spots crucial. Work is currently
underway to obtain electron microprobe measurements that are in the same S zones as our spots. These
new measurements should elucidate the source of this discrepancy. In the meantime, we can perform a
preliminary assessment of the relationship between our calculated S concentrations and their associated
δ34S values.
5.2. S Systematics in Other Volcanic and Plutonic Systems
Figure 23 illustrates the distribution of S concentration and δ34S values from the Samalas magma
and volcanic and plutonic rocks from other magmatic systems. Sub-arc magmas, especially those of
intermediate to silicic composition, are observed to have higher δ34S values (up to 20‰) than those from
oceanic ridges and hotspots (i.e., δ34S values clustering around 0‰) (e.g., Sakai et al., 1982; 1984; Alt et
al., 1993; Mandeville et al., 1998; 2009; de Hoog et al., 2001). Our δ34S values (+7.0 to +15.9‰) plot
along with those previously recorded from sub-arc magmas (Fig. 23; Alt et al., 1993; de Hoog et al., 2001;
Mandeville et al., 1998; 2009; Economos et al., 2017). δ34S values from sub-arc magmas tend to be more
positive, likely due to the subduction of seawater sulfate (~+20‰) (Rees et al., 1978; Marini et al., 2011;
Fischer and Chiodini, 2015).
5.3. S Systematics in the Apatite
Figure 24 illustrates the preliminary relationships between our calculated S concentrations and
measured δ34S values for the 536-811 BCE and 1257 CE apatites. In these plots, there are no points
below 1000 ppm S, as these concentrations correspond with 32S cps values < 1 x 106 cps, meaning these
points are indistinguishable from the background noise of the faraday-cup detectors and are unreliable.
To better understand the relationship between δ34S values and S concentrations below 1000 ppm, we
plan to return to UCLA’s ims 1290 instrument and measure 32S and 34S isotopes using only the electronmultiplier detectors. With this method, we will not be restricted by the background of the faraday cups.
The 536-811 BCE apatites yield a wide range of S concentrations (108 to 3491 ppm S) and δ34S
values (+9.1 to +16.0‰)—a total range of 6.9‰. Figs. 24b and d show the relationship between S
concentrations and δ34S values in these apatites and illustrate an increase in δ34S values as S
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concentration decreases. The magnitude of this fractionation illustrated by these apatites suggests preeruptive degassing enriched the melt with 34S with S loss, which contradicts our initial prediction that
degassing would deplete the melt of the 34S isotope and, therefore, reduce δ34S values. However, since
there are fewer reliable δ34S values (i.e., those calculated using 32S cps values > 1x106) for the 536-811
BCE apatites compared to the 1257 CE apatites (40 from 536-811 BCE vs. 101 from 1257 CE), it is
uncertain if degassing trend is the only process affecting S in this magma, especially when you consider
the complex S evolution that is implied by the 1257 CE apatites.
The δ34S values from the 1257 CE apatites (+7.0 to +15.6‰) have a wider range than those
observed from the 536-811 BCE apatites. Figs. 24a and c show the relationship between the S
concentration and δ34S values of the 1257 CE apatites. The overall scatter in Fig. 24a and c is similar to
the 536-811 BCE apatites in that some of the highest δ34S values occur at the lowest S concentrations.
However, the scatter in the data array at higher S concentrations is distinctly different from the result for
the 536-811 BCE apatites. The 1257 CE inclusions, which are assumed to have recorded an early part of
this magma’s evolution, have δ34S values between +8.1‰ and +10.7‰ and bear a wide range of S
concentration (from 73 to 5622 ppm). Similar S concentrations (115 to 4853 ppm) and δ34S values are
observed in the apatite microphenocrysts in the RIN Ap_01 mount. The cores of several of these apatites
have similar δ34S values to those observed in the 1257 CE inclusions, providing support for these δ34S
values to represent the starting isotopic composition of the 1257 CE magma.
Examining how S concentrations and δ34S values vary within the microphenocrysts from core to
rim will help us interpret the scatter in the 1257 CE data array, since the cores generally represent the
beginning of the record, and the rims signify the end. Figs. 25 and 26 show that there is some
heterogeneity in the S concentrations and δ34S values of the interiors (i.e., cores and mantles, where
“mantle” refers to the middle of the apatite) and those of the rims. Many of the 536-811 BCE apatites
have δ34S values between 9.0 and 13.0‰ recorded in the interiors and the rims. This contrasts with the
plagioclase-hosted inclusions, which mostly yield slightly tighter range (i.e., between 11.0 and 12.0‰).
The cores, mantles, and rims of these grains also have variable S concentrations. Out of the spots that
yield δ34S values, the cores and mantles yield S concentrations between 1001 and 3491 ppm, while the
rims present a slightly tighter range of 1412 and 2771 ppm.
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Compared to the 536-811 BCE apatites, the 1257 CE microphenocrysts show more
heterogeneity in the δ34S value as we move from the interior of the grains to their rims. Most of the
interiors of the microphenocrysts yield δ34S values between +8.5 and +11.6‰, whereas the rims yield a
somewhat tighter range (i.e., most are between +9.0 and +11.0‰). Many of the inclusions yield δ34S
values between +9.5 and +10.5‰. Like the 536-811 BCE apatites, a wide range of S concentrations are
observed in the cores and mantles of the 1257 CE microphenocrysts relative to the rims. Out of the spots
that yield δ34S values, the cores and mantles record S concentrations between 1032 and 3942, while the
rims yield a larger range of 1015 and 4853 ppm.
The variability in the S concentrations of the cores, mantles, and rims suggest that sulfide
crystallization and degassing of S-bearing gases may not be the only processes operating within the 1257
CE Samalas magma. However, some of the scatter that is present in these apatites is likely due to the
differences in the spatial context of these grains. Each apatite is a record of the chemical processes that
occurred in their respective microenvironment, and these grains may be close or far away to the
processes that alter the chemical and isotopic composition of the magma (i.e., sulfide crystallization,
degassing, and magmatic recharge). Grains that have more distinct zoning patterns might have been
more influenced by these processes compared to the grains with little or no zoning. Therefore, we can
potentially use these distinctly zoned grains to identify overall patterns that are recorded from core to rim
and identify which of the processes they are recording.
In this preliminary analysis, we closely examined the cathodoluminescence images of the
microphenocrysts from the RIN Ap_01 mount. We focused on these grains since they displayed the most
diversity of zoning patterns in all our samples. We specifically chose eleven apatites (28, 65, 75, 79, 95,
105, 150, 155, 157, 164, and 165) (the CL images for these grains are in Appendix A). These grains were
chosen since they had multiple reliable (i.e., measured 32S cps values were at or greater than 1x106 cps)
values for S concentration and isotope composition. Figs. 27-29 illustrates how S concentration and δ34S
values varied in these grains from core to rim. As we analyzed these zoning patterns, we noticed that
light-colored zones coincided with low S concentrations, while dark-colored zones corresponded with high
S concentrations. Additionally, zones with S concentrations ≤ 1400 ppm S are also associated with SIMS
spots that yielded unreliable δ34S values (those that yielded <1x106 32S cps).
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The zoning patterns in these eleven apatites potentially capture three distinct processes occurring
within the 1257 CE Samalas magma.
Pattern #1 (Noticeable variations in S content, but not δ34S values) – This pattern is
observed in grains 28, 65, 95, 157, and 165. The core-to-rim plots for these grains, along with their
cathodoluminescence images, are presented in Fig. 27. The δ34S values from the cores of these grains
plot among those observed in the 1257 CE inclusions (i.e.,+8.5 to +11.3‰) . As the apatites grew in the
magma, the δ34S values in these grains only varied by <1‰, but there are noticeable changes in the S
concentration in these apatites (by a magnitude of ~1000 to 2500 ppm S), the only exception being grain
157, in which S concentration varies by only 27 ppm S from core to rim. Additionally, the direction in
which S concentration changes is also variable. In three grains (28, 65, and 157), S concentration
decreases from core to rim, while S concentration increases from core to rim in grain 95. In grain 165, S
concentration first increases before decreasing again.
The variations in S concentration and isotope composition observed in these grains could be due
to the crystallization of Cu-Fe-S sulfides, which are observed in the 1257 CE tephra (Vidal et al., 2016;
Métrich et al., 2017). Sulfide crystallization has been observed to notably change the S content of the
melt, but it causes little isotopic fractionation, compared to SO2 degassing and magmatic mixing (e.g.,
Marini et al., 2011; Beaudry et al., 2018). Many of these grains also show a slight increase in the δ34S
value, which can happen when sulfide minerals are crystallized from a melt with coexisting sulfide and
sulfate species (e.g., Richet et al., 1977; Ohmoto and Rye, 1979; Marini et al., 2011).
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Figure 22. A) A linear regression plot showing the dissimilarity between previous electron microprobe Cl
data and our new SEM Cl data. B) Box and whisker plots showing the distribution in S concentration from
our methodology (orange box) and the previous electron microprobe measurements (blue box). C) Cl
concentrations from the electron microprobe were used to calculate the concentrations represented in the
orange box. The discrepancy is slightly improved but is still present.
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Figure 23. Box plots illustrating the range in δ34S values in a variety of volcanic systems, including the
1257 Samalas magma. δ34S values from the Samalas system coincide with those from other subduction
zones, including those preserved in plutonic environments. δ34S values from these systems are usually
more positive than those from hotspots and spreading ridges. Positive values from subduction zones
have been observed in whole rocks, melt inclusions, matrix glasses, and apatites. Data retrieved from
Sakai et al. (1982; 1984), Alt et al. (1993), Mandeville et al. (1998; 2009), de Hoog et al. (2001),
Economos et al. (2017), and Beaudry et al. (2018). The Samalas data comes from this study.
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Figure 24. The evolution of S within the Samalas trachydacite magma according to our analyzed apatites, A) the 536-811
BCE apatites, and B) the 1257 CE apatites. Calculated S concentrations (in ppm S) are plotted against their associated
δ34S values (‰ vs. V-CDT). Data points are colored according to their apatite type (i.e., whether they are
microphenocrysts or inclusions. The total range of each apatite type is also outlined. There is a lot of scatter in the data of
both plots (R2 ~ 0.3).These datasets can also be represented by using “1/S concentration” as the x-axis, with C)
representing the 536-811 BCE data and D) representing the 1257 CE data. However, this is a less intuitive method of
illustrating this dataset, as we do not directly see the relationships between S concentrations and δ34S values.
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Figure 25. The evolution of S within the Samalas trachydacite magma according to our analyzed apatites, A and C) the 536-811 BCE
apatites, and B and D) the 1257 CE apatites. Calculated S concentrations (in ppm S) are plotted against their associated δ34S values (‰
vs. V-CDT). Data points are colored based on their location within the apatite (i.e., whether they are in the core, mantle, or rim).

Figure 26. Histograms showing the distribution of δ34S values in the 536-811 BCE microphenocryst
interiors (A) and rims (C), 1257 microphenocryst interiors (B) and rims (D), 536-811 BCE inclusions (E),
and 1257 CE inclusions (F).
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Pattern #2 (Complex Variations in S Concentration and δ34S Values) – This pattern is
observed in grains 155 and 164. The core-to-rim plots for these grains, along with their
cathodoluminescence images, in Fig. 28. These grains have zoning patterns that can be described as a
light-dark-light-dark pattern and show noticeable variations in both S concentration and δ34S value. In
grain 155, S concentration and the δ34S value vary as much as ~3000 ppm and 2.44‰, respectively. The
S concentration does not vary as much in grain 164 (only ~500 ppm), but the δ34S value varies similarly
as in grain 155. We assume the position of the core in these grains based on the similarity of the δ34S
value to those observed in grains 28, 65, 95, 157, and 165, but due to the complex zoning of these
grains, it is uncertain what part of these grains represents the core.
The iconic, complex zoning patterns of these grains, as well as the increase in S concentration
observed in grain 155, suggests that these grains recorded an episode of magmatic recharge, which is
suggested by Métrich et al. (2017) to have occurred in the 1257 CE magma. To better understand if these
grains are capturing magmatic recharge and the effect this process has on S in the melt, we need to find
more grains with these zoning patterns and determine which part of the grains represent the core. It
would also be helpful to examine the zoning patterns of apatites from other volcanic systems known for
magmatic recharge (e.g., the 1991 Pintaubo magma, Phillippines; see Van Hoose et al., 2013) and see if
they are like the Samalas apatites.
Currently, we are uncertain of the efficiency of magma mixing and migration with the Samalas
magma. We only have two grains that exhibit this complex oscillatory zoning, and it is subtle in grain 164.
It is likely that grain 164 was further away from the source of this recharge than grain 155, leading to the
interpretation that magma mixing was not greatly efficient in this magma. However, we will not be certain
until we analyze more apatites with this complex oscillatory pattern.
Pattern 3 (decrease in δ34S values from core to rim) – This pattern is observed in grains 75,
79, 105, and 150. The core-to-rim plots for these grains, along with their cathodoluminescence images,
are presented in Fig. 29. In these grains, the δ34S values are decreasing from more positive values (at
most ~+13‰) to less positive values (~+9‰), from core to rim. In three of the four grains, this pattern
coincides with substantial decreases in S concentration (by as much as ~2100 ppm). Reliable values from
grain 79 show only an increase in δ34S values, but the zoning patterns also suggest a decrease in S
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concentration (Fig. 29c).
The decrease in δ34S values with S concentration suggests a loss of S in the melt, potentially due
to the degassing of S-bearing gases. This pattern has been observed in other volcanic and plutonic
systems and can potentially occur when S (in the form of both SO2 and H2S) degasses from a melt
containing both sulfate and sulfide (e.g., Marini et al., 2011; Economos et al., 2017; Beaudry et al., 2018).
The presence of a S-rich pre-eruptive vapor in the 1257 CE Samalas magma is confirmed by the
occurrence of fluid inclusions within the tephra samples (Vidal et al., 2016). Additionally, the degassing of
S-bearing gases is also usually associated with large-scale isotopic fractionations of several per mil (e.g.,
from 6‰ to >10‰ fractionation) (e.g., Marini et al., 1998; Mandeville et al., 2009; Fiege et al., 2014;
Economos et al., 2017; Beaudry et al., 2018).
A decrease in δ34S values with S concentration is possible when both sulfide and sulfate species
are present in the melt, which is confirmed to be the case by some of the melt inclusions yielding S6+/ΣS
ratios close to 0.50 (Ding et al., in prep). Ding et al. (in prep) is currently working on a degassing model,
which will predict the direction and magnitude of S isotope fractionation as a function of the S6+/ΣS ratio.
This model will also account for the SO2/H2S within the exsolving gas, which also influences S isotope
fractionation. With this model, we will be able to better understand the nature of degassing within the
1257 CE and 536-811 BCE.
5.4. Preliminary Degassing Modeling
To start identifying what mechanisms and conditions are necessary to create the scatter in the
data illustrated in Fig. 24, we attempted to model the effect of SO2-H2S degassing on the δ34S values of
the melt using simple Rayleigh (open-system) degassing models. These models are made assuming that
degassing is occurring under isothermal conditions, as well as constant fO2 and fH2O. The models are set
to start at 900 bars, following the calculations made by Vidal et al. (2016) (see chapter 2.2 for more
details). Temperature is set to 950°C, which is within the range of equilibrium temperatures (895-980°C)
set by plagioclase- and amphibole-based geothermometers.
Since the fO2 and fH2O of this system are currently unknown, these parameters were varied to
explore the ratios of SO42-/S2- and SO2/H2S that are influencing the S isotope composition of the Samalas
magma. We set the fO2, relative to the NNO buffer (Huebner and Sato, 1970), to NNO and NNO+2
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(FMQ+0.71 and FMQ+2.72) for our relatively reduced and oxidized compositions, respectively. Magmatic
fH2O was set at either 1 bar or 1000 bars, according to Marini et al. (2011). The SO42- melt fraction (SO42/ΣS) was calculated using the experimentally determined equation from Jugo et al. (2010), where ΔFMQ
represents the deviation from the FMQ buffer:
(11)

SO42-/ΣS = 1/(1 + 10(2.1-2ΔFMQ))
Both the fO2 and fH2O were used to calculate the SO2/H2S ratio of this system via the following

equation from Marini et al. (1998):
(12)

log(XSO2/XH2S) = 27377/T – 3.986 – log(fH2O) + 1.5log(fO2)
The fraction of SO2 in the exsolved gas (XSO2) is then calculated using eq. 13 (Marini et al., 1998):

(13)

XSO2 = (XSO2/XH2S)/ ((XSO2/XH2S) + 1)
The gas-melt equilibrium S isotope fractionation factor (1000lnαgas-melt) is calculated using eq. 14

(Sakai et al., 1982; Marini et al., 2011):
(14)

1000lnαgas-melt = XSO2 * 1000lnαSO2-H2S + (SO42-/ΣS) * 1000lnαS2—SO4 + 1000lnαH2S-S2The following three equations give us the fractionation factors for SO2-H2S, S2--SO42-, and

H2S-S2- (Miyoshi et al., 1984; Taylor, 1986; Li and Liu, 2006; Marini et al., 2011):
(15)
(16)
(17)

1000𝑙𝑙𝑙𝑙𝛼𝛼𝑆𝑆𝑆𝑆2 −𝐻𝐻2𝑆𝑆 = −0.42(

103 3
)
𝑇𝑇
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For Rayleigh (open-system) degassing modeling, eq. 18 is used (Valley, 1986; Marini et al.,
1994), where δ34Sinitial and δ34Sfinal represent the δ34S values prior to and after degassing :
(18)

𝛿𝛿 34 𝑆𝑆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝛿𝛿 34 𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 1000(𝐹𝐹 𝛼𝛼𝑔𝑔𝑔𝑔𝑔𝑔−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−1 − 1)

The spreadsheets showing these calculations are presented in Appendix E. The resulting
Rayleigh curves were plotted in Fig. 30, where the δ34S value of the melt is plotted against the S
concentration (or 1/S concentration in Figs. 30c & d) and the data arrays from the 1257 CE (Figs. 30a &
c) and 536-811 BCE apatites (Fig. 30b & d) were plotted on top of these curves. The initial S
concentration and δ34S value of each model was selected by using a data point representing an analysis
taken in the core of an apatite and had an associated high S concentration. For the 1257 CE apatites, this
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point has a S concentration of 3942 ppm and a δ34S value of +9.57‰. For the 536-811 BCE
microphenocrysts, this point has a S concentration of 3246 ppm and a δ34S value of +10.49‰.
If the data array could be explained by the Rayleigh degassing curves, we would expect the most
of the cores cluster at the starting point of these curves, while many of the rims would cluster at the end.
However, the data arrays in Fig. 30 do not follow these curves. In fact, several of the rims have higher S
concentrations than the cores, which cannot be explained by a simple Rayleigh degassing model.
5.5. Future Work
This study presents a new methodology for calculating S concentration in apatites. Although our
Cl and S concentrations are generally within range of those from previous electron microprobe
measurements from Ding et al. (in prep), these two datasets still do not produce a perfect 1-to-1 line (Fig.
22). As a result, we are currently in the process of reexamining our methodology. Additionally, we are
working on obtaining new electron microprobe data that would better coincide with the placement of the
SEM data, particularly for RIN Ap_01, which has no current electron microprobe data available for
comparison.
It is also uncertain how the S isotope composition of the Samalas magma changed under 1000
ppm S. We plan to rectify this issue by returning to the ims 1290 instrument at the University of California,
Los Angeles, and collecting 32S and 34S on the electron multiplier. With this methodology, we will not be
restricted by the background noise of the faraday cup detectors. Additionally, there have been fewer S
concentration and isotope data points obtained for the 536-811 BCE apatites than the 1257 CE apatites
(40 from 536-811 BCE vs. 101 from the 1257 CE). To confirm the degassing trend implied by the 536-811
BCE apatites, it is pertinent for us to obtain more S concentration and isotope data for these apatites, as
well as cathodoluminescence images. This need for more data relates to understanding the nature of
magmatic recharge in this system. It would be helpful to not only find grains with similar zoning patterns
as grains 155 and 164 in our samples, but also compare these grains to those from systems known for
magmatic recharge (e.g., the 1991 Pinatubo magma; Van Hoose et al., 2013).
To better comprehend how S evolves within the 536-811 BCE apatites and the 1257 CE apatites,
we will compare our S dataset to those from the melt inclusions and matrix glasses, as collected by Ding
et al. (in prep). We will compare the relationship between S concentration and δ34S values observed in
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these apatites and see if similar patterns are observed in the melt products. These trends will also be
compared to Ding et al.’s (in prep) degassing model, which will form us what S6+/S2- and SO2/H2S ratios
produced the degassing trends observed in the 536-811 BCE and 1257 CE magmas. The result from
these additional steps will be one of the most comprehensive datasets for S evolution in magmatic
systems, including S concentration, speciation, and isotope composition from apatites, melt inclusions,
and matrix glasses.
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Figure 27. Pattern #1: Core-to-rim plots for grains exhibiting noticeable variation in S concentration, but
not δ34S values. A and C) diagrams showing variations in S concentration and δ34S values from core to
rim. B and D) Cathodoluminescence images illustrating the zoning patterns in these grains, as well as
their S concentrations and δ34S values. In all of these grains, there is little change in δ34S values, but
there is a noticeable change in S concentration (up to 1670 ppm), either increasing (grain 95), decreasing
(grains 28, 65, and 157), and increasing before finally decreasing (grain 165).
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Figure 28. Pattern #2: Complex variations in S concentration and δ34S values. A and C) diagrams
showing variations in S concentration and δ34S values from core to rim. B and D) Cathodoluminescence
images illustrating the zoning patterns in these grains, as well as their S concentrations and δ34S values.
Grains 155 and 164 show a light-dark-light-dark pattern, which could be potentially capture magmatic
recharge; though it is unclear what part of these grains represent the core.
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Figure 29. Pattern #3: Decrease in both S concentration and δ34S values. A and C) diagrams showing
variations in S concentration and δ34S values from core to rim. B and D) Cathodoluminescence images
illustrating the zoning patterns in these grains, as well as their S concentrations and δ34S values. All
apatites show a decrease in δ34S value by 2-3‰. Grains 105 and 150 show only a decrease in S
concentration and δ34S values. Grains 75 and 79, however, first increase in S concentration before finally
decreasing.
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Figure 30. Isothermal Rayleigh (open-system) degassing models for the 1257 CE apatites (A and C) and 536-811 BCE (B and D). Both
sets of models are held at 950°C and start at 900 bars. The different linear curves represent a different magmatic fO2 (NNO or NNO+2)
and fH2O (either at fH2O = 1 bar or fH2O = 1000 bars). The data points are colored based on their location within the apatite (i.e., whether
they are in the core, mantle, or rim). Both sets of degassing models start at a “core” data point with a high S concentration since this point
could represent the start of the S record in these apatites if the grains follow a simple Rayleigh degassing trend. For the 1257 CE
microphenocrysts, this point has a S concentration of 3942 ppm and a δ34S value of +9.57‰. For the 536-811 BCE microphenocrysts, this
point has a S concentration of 3246 ppm and a δ34S value of +10.49‰.

CHAPTER 6:
CONCLUSION

In this study, we present a comprehensive methodology for characterizing the pre-eruptive
evolution of S by examining this record in apatites from the 536-811 BCE and 1257 CE apatites. This
study also offers a novel method of calculating apatite S concentrations from measured 32S and 35Cl
SIMS counts per second and Cl concentrations. The δ34S values from these apatites coincide with the
more positive values observed from other sub-arc magmas, from basaltic to silicic compositions. The
range of values observed indicate an isotopic fractionation of 6.77‰ in the 536-811 BCE apatites and
8.59‰ in the 1257 CE apatites. However, the cause of this fractionation is likely not solely due to sulfide
crystallization or degassing of S-bearing gases. Instead, the observed δ34S values, S concentrations, and
zoning patterns in the apatites record multiple processes within the Samalas magma.
The δ34S values from the 536-811 BCE apatites seem to imply a degassing trend towards more
positive values (~+16‰), contradicting the hypothesis that degassing would shift the S isotope
composition of the Samalas magma towards less positive values. At first glance, the 1257 CE apatites
also seem to support this degassing trend, but when we closely analyzed the scatter in this dataset, we
discovered a more complex history of S evolution in this magma. The apatite inclusions and the cores of
several apatite microphenocrysts support a starting composition of ~+9 to +10‰. Five of the eleven
apatites from the RIN Ap_01 mount likely show change in S because of sulfide crystallization due to the
little change in δ34S values yet noticeable variation in S concentration. Two of the eleven apatites yield
complex changes in S concentration and isotope composition, implying magmatic recharge. Four of the
eleven apatites potentially exhibit S isotope fractionation towards less positive values, as implicated by
the decrease in δ34S values with S concentrations and would coincide with our initial hypothesis.
The pre-eruptive evolution of S in this system, as implicated by the apatites, is much more
complex than was initially predicted. Many other systems have shown evidence of S isotope fractionation
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due to sulfide crystallization and degassing of S-bearing gases. Recent studies have also found that S
evolution can also be influenced by magmatic recharge or the introduction of a S-rich hydrothermal fluid
(Dietterich and de Silva, 2010; Van Hoose et al., 2013). Vidal et al. (2016) considered a contribution from
an underplating basaltic magma to the volcanic S budget, which would raise the total amount of SO2
released from the 1257 CE Samalas magma to be 184 ± 16 Tg SO2. However, this study did not find any
petrologic evidence of this contribution to the degassing budget, but this evidence may be found in the
oscillatory zoning and textural heterogeneity observed in the plagioclase grains from the 1257 CE
samples (Métrich et al., 2017) and the complex, nonlinear zoning of the 1257 CE apatites in this study.
This is the first study to analyze how both S concentration and isotope composition in apatites are
impacted by magmatic recharge, and more work is needed to be done to understand how this process
can influence δ34S values and how we can recognize this trend in apatites from other systems. This
project presents a critical piece towards identifying and further comprehending the processes behind the
“excess S problem” in intermediate to silicic volcanic systems. Apatites can form early in magmatic
evolution, making them useful to study in both volcanic and plutonic systems, and their volatile histories
are less likely to be altered by post-entrapment effects, as is the case with melt inclusions (Métrich and
Wallace, 2008; Webster and Piccoli, 2015; Li et al., 2021). These ubiquitous accessory minerals have
been used in various studies to delineate the evolution of S in magmatic systems, and this study
highlights this mineral’s other useful properties, including its S isotope record and the potential for this
record to be compared with those from melt inclusions and matrix glasses.
This comprehensive methodology for studying the pre-eruptive evolution of S in volcanic systems
has provided an essential step for characterizing the volatile evolution of the 1257 CE Samalas magma
and the processes leading up to the paroxysmal eruption. Hopefully, as we work to understand how the
apatite and melt records relate to each other, this methodology and the results from it can be applied to
better inform hazard assessments for Indonesian volcanoes and study other volcanic systems capable of
producing climatically significant eruptions.
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APPENDIX A
Apatite CL Images and SIMS Spots

RIN Ap_01 Microphenocrysts

Figure A1. RIN Ap_01-25: Distinct zoning (light core, dark rim). Grain is touching an Fe-Ti oxide. BSE
and Blue CL images were taken at 650x. S concentration appears to increase from core to rim. S
concentrations and δ34S values are plotted on both images, and these values are listed on the right.
“N/A” signifies that not enough 32S cps were collected during analysis.
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Figure A2. RIN Ap_01-28: Nonlinear zoning consisting of a dark core, thin lighter zone, and light rim.
Bears a 15-micron long melt inclusion and Fe-Ti oxide. BSE and Blue CL images were taken at 400x. S
concentration seems to decrease and then increase from core to rim. S concentrations and δ34S values
are plotted on both images, and these values are listed on the right. “N/A” signifies that not enough 32S
cps were collected during analysis.

Figure A3. RIN Ap_01-32: Nonlinear zoning consisting of a light core, thin darker zone, and dark rim.
BSE and Blue CL images were taken at 370x. S concentrations and δ34S values are plotted on both
images, and these values are listed on the right. “N/A” signifies that not enough 32S cps were collected
during analysis.
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Figure A4. RIN Ap_01-42: Distinct zoning (light core, dark rim). Grain is touching an Fe-Ti oxide. BSE
and Blue CL images were taken at 270x. S concentrations and δ34S values are plotted on both images,
and these values are listed on the right. “N/A” signifies that not enough 32S cps were collected during
analysis.

Figure A5. RIN Ap_01-43: Very small (43 μm) apatite. It exhibits no zoning but contains a melt inclusion.
BSE and Blue CL images were taken at 550x. S concentrations and δ34S values are plotted on both
images, and these values are listed on the right. “N/A” signifies that not enough 32S cps were collected
during analysis.
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Figure A6. RIN Ap_01-49: Very subtle zoning (dark core and thin light rim). BSE and Blue CL images
were taken at 500x. S concentrations and δ34S values are plotted on both images, and these values are
listed on the right. “N/A” signifies that not enough 32S cps were collected during analysis.

Figure A7. RIN Ap_01-61: Both grains are touching an Fe-Ti oxide. a) 61-1 – Distinct zoning (dark core,
thin light rim). b) 61-2 – Distinct zoning (light core, dark rim). BSE and Blue CL images were taken at
400x. S concentrations and δ34S values are plotted on both images, and these values are listed on the
right. “N/A” signifies that not enough 32S cps were collected during analysis.
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Figure A8. RIN Ap_01-65: Subtle, nonlinear zoning consisting of a dark core, darker zone, and light rim.
BSE and Blue CL images were taken at 450x. S concentrations and δ34S values are plotted on both
images, and these values are listed on the right. “N/A” signifies that not enough 32S cps were collected
during analysis.

Figure A9. RIN Ap_01-75: Distinct zoning (light core, dark rim). Complex zoning is observed at margin of
apatite. A melt inclusion is present in light core. BSE and Blue CL images were taken at 600x. S

69

concentrations and δ34S values are plotted on both images, and these values are listed on the right. “N/A”
signifies that not enough 32S cps were collected during analysis.

Figure A10. RIN Ap_01-79: Distinct, nonlinear zoning with a light core, 15-μm dark zone, and light rim.
This grain was used to establish the chronology of S behavior in apatite. BSE and Blue CL images were
taken at 750x. S concentrations and δ34S values are plotted on both images, and these values are listed
on the right. “N/A” signifies that not enough 32S cps were collected during analysis.
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Figure A11. RIN Ap_01-95: Distinct, complex zoning with a light core, thin (5 μm) dark zone, and light
rim. BSE and Blue CL images were taken at 430x. S concentrations and δ34S values are plotted on both
images, and these values are listed on the right. “N/A” signifies that not enough 32S cps were collected
during analysis.

Figure A12. RIN Ap_01-105: Distinct zoning with dark core, thin (2 μm) lightest zone, and light rim. BSE
and Blue CL images were taken at 500x. S concentrations and δ34S values are plotted on both images,
and these values are listed on the right. “N/A” signifies that not enough 32S cps were collected during
analysis.
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Figure A13. RIN Ap_01-111: Subtle zoning; generally dark core and light rim. Lighter spots are present in
the dark core. BSE and blue CL images were taken at 600x. S concentrations and δ34S values are plotted
on both images, and these values are listed on the right. “N/A” signifies that not enough 32S cps were
collected during analysis.

Figure A14. RIN Ap_01-128: Distinct zoning (light core, 20-μm dark zone, and lighter rim. BSE and blue
CL images were taken at 600x. S concentrations and δ34S values are plotted on both images, and these
values are listed on the right. “N/A” signifies that not enough 32S cps were collected during analysis.
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Figure A15. RIN Ap_01-155: Distinct, complex zoning displaying a dark-light-dark-light pattern. 5-μm melt
inclusion present in a light zone, and a crack runs through the melt inclusion. BSE and blue CL images
were taken at 500x. S concentrations and δ34S values are plotted on both images, and these values are
listed on the right. “N/A” signifies that not enough 32S cps were collected during analysis.

Figure A16. RIN Ap_01-157: Distinct, nonlinear zoning (dark core, 1-μm lightest zone, and light rim).
Apatite is attached to plagioclase. BSE and blue CL images were taken at 450x. S concentrations and
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δ34S values are plotted on both images, and these values are listed on the right. “N/A” signifies that not
enough 32S cps were collected during analysis.

Figure A17. RIN Ap_01-162: Little zoning in grain. Thin (2-μm) zone at the top left edge. BSE and blue
CL images were taken at 650x. S concentrations and δ34S values are plotted on both images, and these
values are listed on the right. “N/A” signifies that not enough 32S cps were collected during analysis.

Figure A18. RIN Ap_01-164: Subtle zoning exhibiting a dark-light-dark-light pattern. BSE and blue
images were taken at 450x. S concentrations and δ34S values are plotted on both images, and these
values are listed on the right. “N/A” signifies that not enough 32S cps were collected during analysis.
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Figure A19. RIN Ap_01-165: Distinct zoning with a dark core, 1-μm lightest halo, and light rim. 10-μm
melt inclusion is present in dark zone. BSE and blue CL images were taken at 500x. S concentrations
and δ34S values are plotted on both images, and these values are listed on the right. “N/A” signifies that
not enough 32S cps were collected during analysis.

RIN Sep 07 Microphenocrysts

Figure A20. RIN Sep 07-1: Subtle zoning with a light rim and dark core. BSE and blue CL images were
taken at 550x. S concentrations and δ34S values are plotted on both images, and these values are listed
on the right. “N/A” signifies that not enough 32S cps were collected during analysis.
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Figure A21. RIN Sep 07-3: Subtle zoning is present in this grain, with a dark core and light rim. There is
an extremely light spot at the bottom edge of the grain, though this does not seem to correspond with the
lowest S content. BSE and blue CL images were taken at 430x. S concentrations and δ34S values are
plotted on both images, and these values are listed on the right. “N/A” signifies that not enough 32S cps
were collected during analysis.

δ34S values are plotted on both images, and
these values are listed on the right.
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Figure A23. RIN Sep 07-7: Distinct zoning with a light core and dark rim. BSE and blue CL images were
taken at 450x. S concentrations and δ34S values are plotted on both images, and these values are listed
on the right. “N/A” signifies that not enough 32S cps were collected during analysis.

Figure A24. RIN Sep 07-8: Subtle zoning with a light rim and dark core. BSE and blue CL images were
taken at 400x. S concentrations and δ34S values are plotted on both images, and these values are listed
on the right.
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RIN Sep 16T Microphenocrysts

Figure A25. RIN Sep 16T-1: Subtle zoning is present in this grain. BSE and blue CL images were taken
at 450x. S concentrations and δ34S values are plotted on both images, and these values are listed on the
right.

δ34S values are plotted on both images, and
these values are listed on the right.
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Figure A27. RIN Sep 16T-4: Distinct zoning with a light core and dark rim. BSE and blue CL images were
taken at 650x. S concentrations and δ34S values are plotted on both images, and these values are listed
on the right. “N/A” signifies that not enough 32S cps were collected during analysis.

Figure A28. RIN Sep 16T-7: Subtle zoning with a light rim and dark core. BSE and blue CL images were
taken at 550x. S concentrations and δ34S values are plotted on both images, and these values are listed
on the right. “N/A” signifies that not enough 32S cps were collected during analysis.
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δ34S values are plotted on both images, and these values are listed
on the right.

δ34S values are plotted on both images, and these values are listed
on the right.
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Figure A31. RIN Sep 16T-10: No apparent zoning is present in this grain. This observation contradicts
the S concentration data, which shows a decrease of 926 ppm from core to rim. BSE and blue CL images
were taken at 700x. S concentrations and δ34S values are plotted on both images, and these values are
listed on the right. “N/A” signifies that not enough 32S cps were collected during analysis.

δ34S values are plotted
on both images, and these values are listed on the right.
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Figure A33. RIN Sep 16T-14: No zoning is present in this grain. BSE and blue CL images were taken at
450x. S concentrations and δ34S values are plotted on both images, and these values are listed on the
right. “N/A” signifies that not enough 32S cps were collected during analysis.

Figure A34. RIN Sep 16T-15: Distinct zoning with a dark core and light rim. BSE and blue CL images
were taken at 300x. S concentrations and δ34S values are plotted on both images, and these values are
listed on the right. “N/A” signifies that not enough 32S cps were collected during analysis.
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RIN 07A3 Inclusions

Figure A35. RIN 07A3-1: Distinct zoning with a dark core and light rim. BSE and X-ray images were
taken of this grain, with the X-ray image is flipped 90° according to the BSE image. S concentrations and
δ34S values are plotted on both images, and these values are listed on the right. “N/A” signifies that not
enough 32S cps were collected during analysis.
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Figure A36. RIN 07A3-6: No CL or X-ray images were taken of this grain, and only one spot was
analyzed. S concentrations and δ34S values are plotted on both images, and these values are listed on
the right. “N/A” signifies that not enough 32S cps were collected during analysis.
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δ34S values are plotted on both images, and these values are listed on the right.

85

Figure A38. RIN 07A3-8: Little variations in S concentration and δ34S values are observed in this grain.
BSE and X-ray images were taken of this grain, with the X-ray image is flipped 90° according to the BSE
image. S concentrations and δ34S values are plotted on both images, and these values are listed on the
right.
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Figure A39. RIN 07A3-9: No CL or X-ray images were taken of this grain, and only one spot was
analyzed. S concentrations and δ34S values are plotted on both images, and these values are listed on
the right. “N/A” signifies that not enough 32S cps were collected during analysis.

Figure A40. RIN 07A3-11: Little variation in S concentration is observed in this grain. No CL or X-ray
images were taken of this grain. S concentrations and δ34S values are plotted on both images, and these
values are listed on the right. “N/A” signifies that not enough 32S cps were collected during analysis.
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Figure A41. RIN 07A3-12: Little variations in S concentration and δ34S values are observed in this grain.
No CL or X-ray images were taken of this grain. S concentrations and δ34S values are plotted on both
images, and these values are listed on the right. “N/A” signifies that not enough 32S cps were collected
during analysis.

Figure A42. RIN 07A3-16: No CL or X-ray images were taken of this grain, and only one spot was
analyzed. S concentrations and δ34S values are plotted on both images, and these values are listed on
the right. “N/A” signifies that not enough 32S cps were collected during analysis.
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Figure A43. RIN 07A3-17: No CL or X-ray images were taken of this grain, and only one spot was
analyzed. S concentrations and δ34S values are plotted on both images, and these values are listed on
the right. “N/A” signifies that not enough 32S cps were collected during analysis.

Figure A44. RIN 07A3-24 & 25: Little variations in S concentration and δ34S values are observed in this
grain. No CL or X-ray images were taken of this grain. S concentrations and δ34S values are plotted on
both images, and these values are listed on the right. “N/A” signifies that not enough 32S cps were
collected during analysis.
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Figure A45. RIN 07A3-29: Little variation in S concentration is observed in this grain. No CL or X-ray
images were taken of this grain. S concentrations and δ34S values are plotted on both images, and these
values are listed on the right. “N/A” signifies that not enough 32S cps were collected during analysis.

Figure A46. RIN 07A3-31: Little variation in S concentration is observed in this grain. No CL or X-ray
images were taken of this grain. S concentrations and δ34S values are plotted on both images, and these
values are listed on the right. “N/A” signifies that not enough 32S cps were collected during analysis.
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δ34S values are plotted on both images, and these values are listed on the
right.
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RIN 16T Inclusions

δ34S values are plotted on both
images, and these values are listed on the right.

δ34S values are plotted on both images,
and these values are listed on the right.
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δ34S values are plotted on both images, and these values are listed on the right.
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δ34S
values are plotted on both images, and these values are listed on the right.
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NNO, fH2O = 1000 bar (1257 CE)
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NNO+2, fH2O = 1 bar (1257 CE)
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NNO+2, fH2O = 1000 bar (1257 CE)
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NNO, fH2O = 1 bar (536-811 BCE)
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NNO, fH2O = 1000 bar (536-811 BCE)
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NNO+2, fH2O = 1 bar (536-811 BCE)
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NNO+2, fH2O = 1000 bar (536-811 BCE)
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